Abstract: In this paper, first, we employed the coupled-mode theory to investigate the backscattering power characteristics of Rayleigh backscattering (RB) and stimulated Brillouin scattering (SBS) both synchronously and precisely. We discovered how the RB and SBS power changed with pump powers and fiber lengths. The scattering power curves with different pump powers could be divided into three regions. The first was called "the linear region of RB," in which the pump power was mainly converted into RB and the RB power grew linearly with pump powers. The second region was called "the stimulation region of Brillouin scattering," in which the power was mainly converted into SBS. In "the gain-saturated region," when the pump power was much higher than the SBS threshold, both the RB and SBS power were gain-saturated. We also obtained the power curves with different fiber lengths. The power curves were helpful to set up proper launch powers in practical engineering applications, such as optical time-dome reflectometry systems and distributed fiber sensors. Then, we verified our theoretical results by experiments. Finally, according to the measurements and numerical solutions of the coupled-mode equations, we discussed the application of backscattering and gave advice for pump power selections in different fiber link monitoring systems.
Investigations of Backscattering Effects in Optical Fibers and Their Influences on
the Link Monitoring
Introduction
The random optical backscattering effects in fibers including Rayleigh backscattering (RB) and stimulated Brillouin scattering (SBS) were important for practical engineering applications such as the fiber link monitoring and the distributed fiber sensing [1] - [10] . The conventional optical timedomain reflectometry (OTDR) measured the loss traces and detected the fault location in the fiber by transmitting short optical pulses and analyzing their backscattering signals [2] . The Brillouin OTDR (B-OTDR) utilized the frequency shift of SBS to measure the location of the fault and the distance of the optical network units (ONUs) [3] . The in-service correlation OTDR employed the backscattering light of downstream signals to realize the fiber link monitoring and the fault location in high split-ratio passive optical network (PON) systems [4] - [6] . In particular, the OTDRs could also be used in longhaul WDM transmission link, including cascaded in-line EDFAs, in which the influences of RB and SBS lights were greater [7] .With the distance and split-ratio extensions in PON systems, the power of the probe light would be higher. The characteristics of RB, SBS and their interactions were significant for the performance of OTDRs, such as the dynamic range, the sensitivity and the fault location accuracy. Some distributed fiber sensing systems are also based on Rayleigh and Brillouin scatterings [8] - [10] . For instance, the hybrid /B-OTDRs which took advantage of both the Rayleigh and Brillouin backscattering, had better performance for simultaneous vibration and strain measurements [10] . Besides, RB and SBS noise could cause gain and modal instability in fiber amplifiers and lasers [11] . In those systems, the characteristics of backscattering lights including RB and SBS changed with pump powers, fiber types and lengths. Therefore, it was meaningful to present a precise model to analyze the characteristics of backscattering synchronously and precisely. In recent years, researchers had made a lot of studies on power characteristics and influences of RB and SBS in optical fiber systems. For instance, Gysel et al. [12] studied the power density spectrum of RB in the fiber with different linewidth lasers. They explained the phenomenon with statistical properties of scattering sources. Okusaga et al. [13] , [14] proposed the entropy mode theory and explained how the RB spectrum changed with fiber lengths [13] . Besides, they had observed the super linear growth of the RB power with the launch power [14] . Kobyakov et al. [15] analyzed the spectrum and power characteristics of SBS and introduced the influence of SBS on different fiber systems.
However, most of the above previous researchers investigated the power characteristics of RB and SBS in isolation [12] - [15] . They neglected the possibility of the interaction between RB and SBS. Only the coupling between the RB light and the pump light or the coupling between the SBS light and the pump light had been taken into account in the above previous research. In the actual fiber system, the RB accompanied with the SBS. It was unclear how RB and SBS impacted the system cooperatively. Moreover, the above previous theories were based on statistical optics and the results were not very precise. Therefore, it was necessary to build up an accurate and uniform model describing properties of the interaction among RB, SBS and pump lights. It was significant to analyze the influences of RB and SBS synthetically and precisely.
In this paper, based on coupled-mode theory, we proposed the coupled-mode equations of these three lights: the pump light, RB light and SBS light at the same time. We adopted numerical analysis method to get the accurate solutions of the coupled-mode equations and investigated how RB power and SBS power changed with fiber lengths and pump powers. Based on the model, we could precisely analyze power interactions among these three lights: RB, SBS, and pump light.
Then, we measured RB powers and SBS powers with different fiber lengths and pump powers. Different from other investigators only testing the total scattering power in their experiments [12] - [15] , we selected the peak power at 1550 nm as the power of RB and the peak power at about 0.1 nm longer wavelength as the power of SBS, which could represent the intensity of RB and SBS more accurately. Moreover, we noticed that the total backscattering power grew with pump powers linearly in the saturated region. It may potentially be used for a novel kind of "enhanced Brillouin link monitors," which has very high backscattering power and can realize long-reach fiber link detection without using APD or coherent detection etc.
The rest of this paper is organized as follows. In Section 2, we introduce the coupled-mode theory of RB, SBS and pump light. Section 3 is the experimental setup and analysis of the measurements. In Section 4, we conclude the paper. along the backward direction of the z axis with the same wavelength as the pump light. Besides, the pump light interacts with the acoustic field in the fiber to generate the backward Brillouin scattering light. At high pump powers, the Brillouin scattering can be converted into a stimulated process [15] .
Theory
Most of the previous researchers investigated the power characteristics of RB and SBS in isolation [12] - [15] . Only the coupling between the RB light and the pump light or the coupling between the SBS light and the pump light had been taken into account in their researches. That resulted in the neglect of the possibility of the interaction between RB and SBS. With all these assumptions, the RB power is expressed as [14] dP p dz
In (1), P p is the power of forwards pump light and P RB is the power of RB. g RB is the gain factor related to the interaction between pump light and RB. α p and α RB are the attenuation factors of the pump light and Rayleigh scattering light in the fiber. In SSMF, the RB light has the same wavelength with the pump light, and therefore there is α RB = α p = α. When the pump depletion is neglected, the solution of RB in(1) can be expressed as
where P RB (z) denotes the power of RB seed light generated at the coordinate z, P RB (0) denotes the power when the seed light transmits to the receiver at the position z = 0, A eff is the effective core area, and L eff is the effective interaction length. For RB, the index
was extremely less than "1". Therefore, we observed the RB power grew linearly with the pump power in general cases.
If only considering the coupling between the Brillouin light and pump light, the coupled-mode equations of them can be written as [15] ⎧ ⎨
In (3), P SB S is the power of SBS. g SB S is the gain factor related to the interaction between the pump light and SBS.
Based on the investigation of Kobyakov et al. [15] , when the pump depletion can be neglected, the SBS power can be expressed as
As shown in (4), the SBS power increases with the pump power exponentially and the threshold of SBS can be calculated from (4).
With the above previous methods, we can analyze the power characteristics of RB and SBS conveniently but there are still some limitations of those methods. First, only the coupling between one backward light and the pump light had been taken into account in the above previous researches, but in the actual fiber system, the RB light accompanies with the SBS light. RB and SBS should be included in the equations at the same time. Secondly, the model cannot describe the power saturation processes of SBS and RB lights. The models are ineffective at high pump power, because the pump depletion is not taken into account. Thirdly, the possibility of the interaction between RB and SBS was neglected.
Therefore, we proposed the coupled-mode equations of the pump light, the RB light and the SBS light, considering the interactions among all the three light at the same time. Based on the coupled-mode theory, our modified coupled-mode equations are expressed as
where C R −B is the coupled coefficient to describe the interaction between the RB and the SBS. We can get the values of g RB , g SB S and C R −B by calculating the overlap integrals between any two transverse modes of the three lights. In standard single-mode fibers (SSMF), the wavelength of RB is the same as the wavelength of the pump and the frequency of Stokes SBS is only about 10.8 GHz lower than that of the pump light, so there is α SB S ≈ α RB = α p = α.
There are three advantages of our proposed model. First, the interactions among RB, SBS and the pump light are all included in our model, which can describe the actual coupling proceeding among these three lights more precisely. Second, the coupling between the RB light and the SBS light is considered, which could make the numerical solutions fit with the experimental measurements much better. Thirdly, we adopt numerical analysis methods to get the precious solutions of (5), which is helpful to investigate the conversion of the optical powers among these three lights more adequately.
Especially, we neglected the influence of the lights' phase variation in the coupled-mode equations. When the measured fiber lengths were longer than the coherent length of the laser, our model could precisely describe the power transfer among the pump, RB and SBS lights. But when the measured fiber lengths were shorter than the coherent length of the laser, there were some phenomena being not able to be expressed, such as the experiments of Zhu et al. [16] .
Based on our model, we simulated how the RB power and the SBS power changed with fiber lengths and pump powers by numerical methods. In the next section, we compared our numerical solutions with the experimental measurements. Fig. 2 shows the schematic diagram of the experimental setup that we verified our model. The light from an about 100 kHz linewidth laser at 1550 nm was fed into the fiber by an EDFA, a variable optical attenuator (VOA) and an optical circulator. The VOA and EDFA were used to adjust the launch power of the forward pump light. Through the same optical circulator, the backscattering light was sent to an optical spectral analyzer, where we measured the optical spectrum. The fiber we used was SMF-28e. Its attenuation is about 0.18 dB/km and the mode field diameter is about 10.4 um at 1550 nm. In our simulation based on coupled-mode equations, the parameters were consistent with SMF-28e. Different from other investigators testing the total scattering power in their experiments [10] - [12] , we selected the peak power at 1550 nm as the power of RB and the peak power at 0.1 nm (10.8 GHz) longer wavelength as the power of SBS, which could represent the intensity of RB and SBS more accurate. Fig. 3 (a) and 3(b) are the optical spectra of the backscattering light of 20 km SSMF at 3 dBm and 16 dBm pump powers, respectively. The data highlight three kinds of spectra: the spectral region around the wavelength of the incident light, and the regions about 0.1 nm above and below the wavelength of the incident light. The latter two regions correspond to the anti-Stokes and the Stokes lights induced by Brillouin scattering. As shown in Fig. (3) , the power of Stokes Brillouin scattering is much higher than that of anti-Stokes scattering with increasing of the pump power. So, we selected the peak power of the Stokes wave standing for the intensity of Brillouin scattering and the peak power at 1550 nm standing for the intensity of RB [9] . At 3 dBm pump power, the RB power is about 20 dB higher than the Stokes Brillouin scattering power, so the backscattering was mainly Rayleigh scattering. In contrast, at 16 dBm pump power, the SBS power is over 30 dB higher than the RB, and therefore, the SBS was the principal process of backscattering.
Experiments and Analysis
Then, we measured how the RB power changed with pump powers and fiber lengths. The results are shown in Figs. 4 and 5. The fiber lengths are 5 km, 10 km, 20 km, and 50 km, respectively. The linewidth of the laser in the experiment is 1 MHz and its coherent length is about 200 m. So, the measured fiber lengths are longer than the coherent length of the laser. The red diamonds are the measurements of the RB peak power at 1550 nm of backscattering spectrum acquired by optical spectral analyzer. The blue spheres are the measurements of the SBS peak power at about 1550.1 nm. The red and blue curves are the numerical solutions of RB power and SBS power, according to the coupled-mode equations [see (1) ]. According to Figs. 4 and 5, the RB power increases with the pump power linearly and the SBS power increases with the pump power exponentially, when the pump power is low. The conclusions are consisted of previous researches which are described with (2) and (4). However, at extremely high pump power, both of the RB power and the SBS power are gain-saturated. The gain-saturated pump powers decrease with the increase of the fiber length. The gain-saturations should be attributed to the pump depletion. But the saturated pump power of RB is different from that of SBS, which can be induced by the differences between the gain factors of RB and SBS (g RB and g SB S ).
Replacing the spectrum analyzer with an optical power meter, we measured how the total backscattering power changed with pump powers and fiber lengths. As shown in Fig. 6 , all the total power curves can be divided into three regions: Region I, the process of Rayleigh backscattering, Region II, the stimulated process of Brillouin scattering, and Region III, the process of power saturation. 
Discussion on the Application of Backscattering
In the first region, the scattering power was mainly from RB and increased with pump powers linearly. The region had been applied to conventional OTDRs and in-service OTDRs for fiber link detections. The linearity of RB was important for precise attenuation measurements and fault locations. To get wider dynastic range at low detection sensitivity, the pump power should be set at the highest power of the first region. According to our model and experiments, the range of the linear region was determined by the fiber length and the threshold of SBS. The threshold of SBS was the main limiting factor. It could mitigate SBS and improve its threshold to modulate the phase of the pump light. Therefore, to expand the power range of the linear region, we could modulate the phase of the pump light using a low frequency modulation such as a sine signal to mitigate the SBS. The linewidth of the laser used in conventional OTDR was usually to be several MHz [17] . The coherent length of the laser was shorter than the length of tested fibers and the phase of RB was completely random. Therefore, the phase modulation would not change the linearity power characteristics of RB. Besides, the phase modulation could decrease the gain factor related to the interaction between the pump light and SBS (g SB S ) to improve the threshold of SBS [1] , [17] . Fig. 7 shows the experimental setup that we expanded the range of the linear region by pump phase modulation. The phase modulator (PM) was inserted between the laser and the EDFA and the driving signal was 200MHz sine signal. Then, the power meter was used to measure the backscattering power. Adjusting the VOA to change the pump power, we measured the backscattering power curves with different fiber lengths. Fig. 8 shows the backscattering power with different pump powers and fiber lengths. When there was no phase modulation, the threshold was about 6 dBm for 50 km and 7 dBm for 20 km, respectively. In contrast, when the incident light was phase modulated, SBS was mitigated and the threshold increased to about 12 dBm and 13 dBm for 50 km and 20 km fibers, respectively. The linear region was expanded about 6 dB and it was effective for the phase modulation to improve the threshold of SBS.
The quantitative analysis of this method was firstly presented by Dianov et al. [18] and summarized by Agrawal [19] . Assuming the original Brillouin gain is G B 0 , the bandwidth of SBS is ν B , the modulation frequency is ν m , the effective Brillouin gain G eff with phase modulation can be expressed as
Because the effective Brillouin gain is reduced by a factor of (1
), the SBS threshold increases by the same factor. According to the quantitative analysis, when the bandwidth of SBS was 70 MHz and the modulating frequency was 200 MHz in our experiments, the SBS threshold should increase by 7.2 dB, which was almost as much as our experiments.
Thus, the maximum length of the tested fiber could be expanded about 15 km with the fixed detector sensitivity. But the threshold still had a limitation, even the pump light was phase modulated. In order to avoid SBS, the pump power should not be higher than 15 dBm when the fiber length longer than 30 km, even with pump light phase modulation.
In Region II, the Brillouin scattering was stimulated gradually. At the middle part of the second region, the spectrum and frequency of SBS were more sensitive to variations of the vibration and strain. Therefore, in B-OTDRs and Brillouin distributed fiber sensors, the pump power should be set at the middle part of the second region. Moreover, with the increase of the fiber length, SBS was saturated at lower pump power and the power range of Region II became narrower. Thus, in B-OTDRs, with the increase of the fiber length, the pump power should be lower to avoid the power saturation, and in Brillouin distributed fiber sensors, the sensing fiber length should be not too long, in order to guarantee the high sensitivity in wider launch power range.
The third region had hardly been used in optical fiber systems. We noticed that the total scattering power approximately grew up with the pump power linearly, which could be used in the fault detection. For instance, in the long-reach fiber sensing system, the power of the light scattered by the remote nodes was extremely low at the receiver. For the enhanced Brillouin OTDR, the received power would be higher to improve the dynamic range.
Besides, for Rayleigh scattered light measurement, deterioration of OTDR waveform due to optical nonlinear phenomena has been reported for high power input of test light [20] , and similar instability is also concerned with Brillouin OTDR measurement. But, for the restriction of our equipment, we had not taken notice of these phenomena. In our future research, we will pay more attention to the influence of nonlinear phenomena.
Conclusion
In this paper, we investigated the power characteristics of RB and SBS synchronously and precisely based on coupled-mode equations and measured the accurate RB and SBS powers with the optical spectral analyzer. Then, we compared the measured powers with the numerical solutions of the coupled-mode equations, with different fiber lengths and pump powers. All the measurements were fit well with the corresponding numerical solutions. Analyzing RB and SBS power characteristics with our model is helpful for selecting proper launch powers of PONs and improving the OTDR performance. For the traditional OTDRs and in-service OTDRs based on RB, the pump power should be lower than the SBS threshold. At this time, the backscattering power grows linearly with the pump power, which is helpful for the fiber link fault detection and allocation. For Brillouin OTDR, the pump power should be higher than the threshold and lower than the saturated pump power, which assures steady frequency shift property. In the saturated region, the total backscattering power grows with pump powers linearly, which may be used for link detection in the case of long-reach and high-split-ratio PONs.
